Aims The lack of studies assessing the simultaneous expression of tolerance and resistance traits during seedling development and overall seedling defences as compared with adult plants, in general, constitutes a significant research need that can greatly improve our understanding of overall investment in defences during plant ontogeny. † Methods Using two seedling and two juvenile stages of the perennial herb Penstemon virgatus (Plantaginaceae) evaluations were made of (a) patterns of investment in constitutive chemical defences [i.e. iridoid glycosides (IGs)], and (b) simultaneous variation in the short-term ability of seedling and juvenile stages to induce resistance traits, measured as induced chemical defences, or tolerance traits, measured as compensatory re-growth following moderate levels of damage by a specialist insect herbivore. † Key Results Plants were highly defended during most of their transition from seedling to early juvenile stages, reaching a constant approx. 20 % dry weight total IGs. Furthermore, following 30 % above-ground tissue damage, seedlings and juvenile stages were equally able to induce resistance, by raising their IG concentration by approx. 8 %, whereas compensatory re-growth was only achieved at young juvenile but not seedling stages. † Conclusions Two major trends emerged from this study: (1) in contrast to expected and previously observed trends, in this perennial plant species, seedlings seem to be one of the most well-defended stages as compared with adult ones; (2) high levels of constitutive defences did not limit the ability of young developmental stages to induce resistance following damage, although this response may come with a cost (i.e. decreased compensation) in young seedling stages. Hence, as has been previously demonstrated in few other systems, these results points towards an indirect evidence for a trade-off between tolerance and resistance traits at some, but not all, developmental stages; making them often difficult to detect.
INTRODUCTION
As plants undergo their transition from seeds to mature stages, their resistance traits (Barton and Koricheva, 2010) and the identity of their herbivores and mutualists (Fenner et al., 1999; Boege and Marquis, 2005 ; C. Quintero, K. E. Barton and K. Boege, unpubl. res.) often change in a rather predictable way. Such stage-specific interactions can alter the transition rate among stages as well as demographic processes such as survival, growth and reproduction (Miller and Rudolf, 2011) . A particularly critical period during a plant's life cycle is the seedling stage, given that seedlings are typically the stage most vulnerable to inter-and intra-specific competition (Fayolle et al., 2009) , nutrient limitation (Santiago et al., 2012) , and top-down controls (Terborgh, 2012) , driven by pathogens (Mangan et al., 2010) and, foremost, herbivory (Moles and Westoby, 2004; Alvarez-Clare and Kitajima, 2009) . Beyond the obvious effects that herbivores have on seedling survival and demography (Buschmann et al., 2005) , the selective loss of plant species and genotypes at the seedling stage can lead to long-term effects on plant community composition and species interactions (Hanley and Sykes, 2009; Terborgh, 2012) , highlighting the central role of seedling defensive traits in structuring complex communities.
Plant physical and chemical defences, expressed constitutively or induced by damage, can effectively protect seedlings against herbivores (e.g. Fenner et al., 1999; Hanley and Lamont, 2001) . Seedlings have been shown to actively synthesize chemical defences soon after germination and/or following the depletion of defences present in seeds, which often coincides with herbivore preference and damage (Barton and Koricheva, 2010 ). Yet, seedling investment in chemical defences varies among species and, more critically, during the course of seedling development. In most cases, constitutive chemical defences tend to increase during seedling development (Barton and Koricheva, 2010) , as has been described in a diversity of plant species and groups of secondary compounds such as alkaloids (Schaffner et al., 2003; Gregianini et al., 2004; Elger et al., 2009) , phenolics (Fritz et al., 2001; Albrectsen et al., 2004; Elger et al., 2009) , defensive proteins and protease inhibitors (Doan et al., 2004) , cyanogenic glycosides (Goodger et al., 2007; Elger et al., 2009 ) and iridoid glycosides (Barton, 2007) . Nonetheless, there are examples where seedling defences decreased or did not change over time (Liu et al., 1998; Wallace and Eigenbrode, 2002; Elger et al., 2009) , showed a non-linear pattern (Cipollini and Bergelson, 2000; Gianoli, 2002) , or cases where trajectories vary among individual secondary compounds as seedlings age (Cipollini and Redman, 1999; Elger et al., 2009) . This variation in resource allocation to constitutive chemical defences during seedling development may be due to disparity among studies in what is considered a seedling stage (see Hanley et al., 2004) , or it may reflect diverse strategies in resource investment between constitutive and induced defences.
In addition to variation in constitutive chemical defences, conferring baseline resistance to antagonists, plants deploy two basic types of induced defences: (1) resistance traits that aim to reduce subsequent herbivore damage, by generally increasing baseline levels of physical and chemical defences (i.e. induced defences); and (2) tolerance traits that minimize the negative effects of damage on plant fitness by, for example, replacing the tissues lost to herbivores (i.e. compensatory re-growth) (Karban and Baldwin, 1997; Stowe et al., 2000) . In particular, during seedling development, pronounced changes in induced defences should be expected given that seedling resource acquisition and storage might be particularly limited after damage, constraining the ability to simultaneously induce chemical defences (leading to induced resistance) and to grow (leading to compensation). In general, it has been predicted that younger stages should be better at inducing chemical defences than at compensating for lost tissue, while older stages are more likely to tolerate damage but show decreased induced resistance capabilities (Karban and Baldwin, 1997; Strauss and Agrawal, 1999; Haukioja and Koricheva, 2000; Cipollini et al., 2003) . However, research testing these predictions is inconclusive (Barton and Koricheva, 2010) and trade-offs between resistance and tolerance traits have not been detected in the only study assessing both lines of defence during seedling development (Barton, 2008) . Instead, studies examining induced resistance during seedling development have shown all possible responses with some plant species showing induced defences to decrease (Cipollini and Bergelson, 2000; Barton, 2008) , increase (Gianoli, 2002) or show compound-specific trends (Cipollini and Redman, 1999) as seedlings age. In contrast, damage early during seedling development seems to have a more consistent long-term impact on plant growth and seed production as compared with damage occurring later during seedling development (Wallace and Eigenbrode, 2002; Hanley and Fegan, 2007) or at later developmental stages (Warner and Cushman, 2002; Del-Val and Crawley, 2005; Hodar et al., 2008) . Yet, few studies have simultaneously tested induced resistance and tolerance traits in response to herbivore damage during this vulnerable stage of a plant life cycle.
To investigate the role of seedling developmental stage in constitutive chemical defence, seedling ability to induce chemical defences (induced resistance trait) in response to herbivory, and seedling ability to compensate for leaf tissue lost to herbivory (tolerance trait), we used seedlings to young juvenile stages of the perennial herb, Penstemon virgatus (Plantaginaceae). With .270 described species, the genus Penstemon is one of the largest genera endemic to North America (Wolfe et al., 2006) . Widely distributed across most of North America and encompassing a group of morphologically diverse species, adapted to a wide range of environments (Wolfe et al., 2006) , Penstemon species have been recognized as a valuable source of novel and common iridoid glycosides (IGs) (Foderaro and Stermitz, 1992; Abdelkader and Stermitz, 1993; Stermitz et al., 1994a, b) among other chemical defences (e.g. Lindroth et al., 1986 ). Yet, beyond phytochemical description, few studies have focused on the chemical ecology of Penstemon species (but see Lindroth et al., 1986; Stermitz et al., 1988; L'empereur and Stermitz, 1990) . In this study, we specifically ask the following two questions: (1) How do constitutive chemical defences (i.e. IGs) vary across seedling development and early juvenile stages of P. virgatus? (2) How does plant age influence the short-term ability of P. virgatus seedlings to induce chemical defences or compensate for moderate levels of damage by a IG-specialist insect herbivore? Finally, we explored whether there was any indirect evidence for a potential trade-off between investment in constitutive and induced defences or between induced defences and compensation in this herbaceous, perennial plant species.
MATERIALS AND METHODS

Study system
Penstemon virgatus A. Gray (Plantaginaceae), upright blue beardtongue, is a long-lived, herbaceous perennial plant native to the south-western United States (i.e. Colorado, Arizona and New Mexico; http://plants.usda.gov/java/profile? symbol=pevi4). This species, mostly found in mountain meadows, pine woods and road cuts, often grows in dry sandy soils. The tall, smooth stems can reach 25-80 cm, with several linear and opposite stem leaves, and its long inflorescences bear several small to medium purple flowers, blooming from June to late August or September. Like other Penstemon species (Foderaro and Stermitz, 1992; Abdelkader and Stermitz, 1993; Stermitz et al., 1994a, b) , P. virgatus produces IGs as their primary chemical defences (L'empereur and Stermitz, 1990) . Presence of these compounds in plant tissues of related plant species has been shown to influence feeding preferences of a wide range of generalist and specialist insect herbivores (reviewed in Bowers, 1991; Dobler et al., 2011) , and several herbivores have been observed to be associated with Penstemon species in natural populations (Stermitz et al., 1988; L'empereur and Stermitz, 1990; Stermitz et al., 1994a; C. Quintero and M. D. Bowers, unpubl. res.) . In P. virgatus, two major IGs have been found, catalpol and scutellarioside, with much smaller amounts of globularin and globularicisin (,10 % of total) (L'empereur and Stermitz, 1990) . Variation in production of IGs (with an average of 10 % dry weight) has been documented within and among mature individuals of P. virgatus in natural populations (L'empereur and Stermitz, 1990) , but IG content has not been documented in seedlings of this long-lived species and the relationship between IGs and plant ontogeny has never been examined.
The buckeye butterfly, Junonia coenia (Nymphalidae), is an oligophagous New World butterfly that can have one to three broods per year under temperate conditions. It has been described as a specialist herbivore of plants containing IGs, commonly feeding on members of six plant families: Cornaceae, Acanthaceae, Plantaginaceae, Scrophulariaceae, Phrymaceae and Verbenaceae (Bowers, 1984) . Adult female butterflies use IGs as oviposition stimulants (Pereyra and Bowers, 1988; Klockars et al., 1993; Prudic et al., 2005) , and caterpillars not only use IGs as feeding stimulants (Bowers, 1984 ), but they are also able to sequester these compounds in their hemolymph, rendering them unpalatable to potential predators (Dyer and Bowers, 1996; Theodoratus and Bowers, 1999) . Although buckeyes have not been recorded feeding on P. virgatus in nature, they do feed on other Penstemon species (Robinson et al., 2002) and will readily eat P. virgatus in the laboratory. We used this species for the experiment due to its wide availability and ease of rearing under laboratory conditions.
Plant and caterpillar colony maintenance
The study was performed at the University of Colorado during spring -summer 2007. Seeds, obtained from Western Native Seeds (http://www.westernnativeseed.com/seedlist. html), were stratified for 45 d at 5 8C and dark conditions before germination. Four sets of seeds, spaced 1 month apart, from May to August, were used to obtain approx. 50 individuals per age class. The seeds germinated and the plants were grown in a greenhouse, using a growth medium of equal parts Metro Mix 350, sterilized sand and turface. Plants were grown under natural light (i.e. no supplemental lighting was used), and the temperature fluctuated between 18 and 28 8C, following daily and seasonal cycles. After transplanting, plants were grown in 1-L pots to minimize rootbinding effects. Thus, ontogenetic changes in constitutive and induced defences were analysed simultaneously across stages, in order to control for potential environmental factors that could influence plant performance such as photoperiod and temperature. This experimental design may have some disadvantages such as dissimilar average environmental conditions from sowing to harvest. Yet, similar to previous studies, this design ensured that all individuals were exposed to the same conditions at the time of harvest (see Quintero and Bowers, 2012) . Given that IG concentrations can vary substantially over time (Hogedal and Molgaard, 2000; Fuchs and Bowers, 2004; Quintero and Bowers, 2012) or with environmental factors such as temperature (Tamura, 2001) , simultaneous harvests should minimize variables other than plant age that could influence IG content.
Hence, by 28 September, there were four stages: 1-month-old plants with an average of six leaves and with cotyledons still attached; 2-month-old plants with an average of eight leaves and mostly with cotyledons still attached; and 3-and 4-month-old plants with an average of 14 and 20 leaves, respectively, without attached cotyledons. The decision to designate the first two stages as seedlings (1-and 2-month-old plants) and the last two stages as young juvenile stages (3-and 4-month-old plants) is partially based on the work of Hanley et al. (2004) , where they proposed the point of attainment, maximum relative growth rate (RGR max ), as the most reliable marker for defining the end of the seedling stage, which may coincide with the exhaustion of cotyledon reserves and the attainment of independence from cotyledons. In our system, as is the case of other epigeal species, the cotyledons act both as a nutrient store and as a photosynthesizing leaf; thus, complete independence may be achieved even after plants have surpassed the seedling stage. Yet, given that we did not measure RGR max , we decided to use the natural time of cotyledon excision as a defining developmental transition. By taking this approach, we might be overestimating the seedling stage but we are very conservative in defining the young juvenile stages, which certainly are independent from cotyledon reserves and/or function.
Buckeye larvae used in this study were from a laboratory colony reared at the University of Colorado at Boulder. Prior to their use in the experiment, larvae were fed on a mix of wild Plantago lanceolata (Plantaginaceae) leaves harvested from local populations around the University of Colorado and kept in growth chambers with a photoperiod of 14-h day/10-h night, and day/night temperatures of 27/22 8C.
Biomass and constitutive defences across seedling to juvenile development
Above-ground biomass and constitutive defences during seedling to juvenile development were assessed at four age classes: 1-, 2-, 3-and 4-month-old stages. Ten plants per ontogenetic stage were randomly selected and harvested before the induction experiment started (see below). All above-ground tissues were harvested, weighed fresh immediately after being cut, oven-dried at 50 8C for 48 h to a constant mass, and weighed again to the nearest hundredth of a gram. Changes in total dry weight biomass and percentage water content were analysed by a one-way ANOVA, followed by Bonferroni post hoc tests to assess significant differences among the four age classes. Biomass was transformed using the natural logarithm and water content was arcsine squareroot transformed to meet assumptions of normality.
To assess variation in concentrations of IGs, dried leaves were ground into a fine powder, and subsamples of 5 -30 mg were processed for IG extraction, the entire plant in the case of some seedlings, and analysed by gas chromatography following previously described methods (Bowers and Stamp, 1993; Jarzomski et al., 2000) . Briefly, samples were extracted overnight in 95 % methanol, and then partitioned between water and ether to remove hydrophobic compounds, using phenyl-b-D-glucose as an internal standard. An aliquot of the solution was derivatized with Tri-Sil-Z TM (Pierce Chemical Company) and injected into an HP 7890A gas chromatograph (Agilent Technology) using an Agilent DB-1 column (30 m, 0 . 320 mm, 0 . 25-mm particle size). We only had standards of catalpol and scutellarioside-II (hereafter scutellarioside), which compose 90 % or more of the total IG content of P. virgatus, thus we were only able to quantify these two compounds. Amounts of catalpol and scutellarioside were quantified using ChemStation B-03-01 software and data were analysed as proportions of dry mass (concentration) and were arcsine transformed to meet assumptions of normality. Given that amounts of catalpol and scutellarioside were not significantly correlated (r ¼ -0 . 21, n ¼ 40, P ¼ 0 . 19), changes in constitutive defences across seedling stages, measured as total IGs (¼ catalpol + scutellarioside) as well as separately for catalpol and scutellarioside, were analysed by a one-way analysis of variance (ANOVA), followed by Bonferroni post hoc tests to assess significant differences among the four age classes.
In addition, we also assessed IG defences in seeds. To have samples large enough to detect trace amounts of IGs in seeds, two sets of seeds from multiple maternal plants were ground together and IG extraction and quantification were performed as described above. Given the small sample size, these data were not statistically analysed and are only presented for qualitative comparative purposes.
Response to herbivory: compensation and induced defences across seedling to juvenile development
To test for compensation and the induction of IGs in P. virgatus during early plant development, 50 individuals per age class (1-, 2-and 3-month-old plants) were randomly assigned to one of two possible treatments: no herbivory (control) or herbivory by J. coenia caterpillars. To account for potential differences among treatments before the experiment started, we measured initial plant size as total number of leaves. Germination rate of the oldest plants (4 months old) was very low as compared with the following groups (3, 2 and 1 month old; data not shown). Therefore, as the sample size of 4-month-old plants was too small, we excluded this age class from this second experiment. All plants, across ages and treatments, were randomly distributed in three 1 . 2 × 4 m greenhouse benches, with plants being at least 20 cm apart from each other.
Field herbivory rates in adult P. virgatus plants are highly variable depending on the herbivore community present, with field estimates ranging from 5 % to 100 %, if the herbivore community is mostly dominated by generalists or specialist herbivores such as Euphydryas anicia (Nymphalidae), respectively (C. Quintero, unpubl. res.) . Therefore, we chose to impose an intermediate level of damage (i.e. 30 %) as a meaningful level of damage probably experienced in natural populations. The herbivory treatment consisted of one to three newly moulted 3rd or 4th instar larvae added to the plants and kept there until they had consumed approx. 30 % of the plant tissues. Larvae were placed on a single plant from 1000 to 1800 h and were visually monitored by six observers who prevented caterpillars from leaving their assigned individual plant until they achieved the desired level of damage, at which time the larvae were removed. If 30 % damage was not achieved during the first day, larvae were removed during the night, and placed back again on the same treatment plant as the previous day until 30 % damage was achieved. The longest time caterpillars were on the plant was 3 d. Damage was estimated to the nearest 10 %, and any plants receiving ,20 or .40 % damage were excluded from the analysis.
Because induction of IGs in another IG-containing plant species, Plantago lanceolata, had been shown to reach its highest point 6 -7 d after damage (Fuchs and Bowers, 2004) , to test for induction, all plants per ontogenetic stage and treatment were harvested 1 week after herbivore removal. Harvested tissues, which comprised all above-ground tissues including damaged leaves and new leaves emerging after the damage treatment, were weighed fresh immediately after being cut, oven-dried at 50 8C for 48 h to a constant mass, and weighed again to the nearest hundredth of a gram. Tissues for IG extraction and quantification were processed as described above.
Independent sample t-tests were used to compare initial plant size (measured as number of leaves) between control (C) and herbivory (H) treatments in each age class, before the herbivory treatments were applied. Following damage, plant responses to herbivory (C versus H) at the three developmental stages were assessed as changes in above-ground biomass (dry mass), percentage water content, total concentration of IGs (% dry weight), and proportion of scutellarioside/ total IGs, using a series of two-way analyses of variance (ANOVA) with age and treatment as the main effects and an interaction term included. Given that amounts of catalpol and scutellarioside were not significantly correlated with each other (r ¼ 0 . 07, n ¼ 134, P ¼ 0 . 44), we performed separate analyses for each of these dependent variables. In the case of a significant interaction effect, mean group differences among treatments were tested by a priori single degree of freedom contrasts. Biomass was transformed to its natural logarithm, whereas water and IG concentration data were arcsine-square root transformed to meet assumptions of normality.
RESULTS
Biomass and constitutive defences across seedling to juvenile development
Dry weight above-ground biomass (F 3,36 ¼ 94 . 21, P , 0 . 0001) and water content (F 3,36 ¼ 8 . 78, P , 0 . 0001) significantly varied among developmental stages. In particular, biomass increased exponentially as seedlings developed, while water content showed an increasing trend from 1-to 3-month-old stages but decreased back again at 4-month-old juvenile stages (Fig. 1A, B ). For IGs, there was no effect of plant age on percentage dry weight scutellarioside (F 3,36 ¼ 1 . 05, P ¼ 0 . 38) or total IGs (F 3,36 ¼ 0 . 21, P ¼ 0 . 88), with all stages showing approx. 19 % dry weight total IGs. However, catalpol varied significantly among stages (F 3,36 ¼ 2 . 95, P ¼0 . 046) and the proportion of total IGs that was scutellarioside also significantly changed among stages (F 3,36 ¼ 3 . 54, P ¼0 . 024), with seedlings investing slightly more in scutellarioside than catalpol at younger than older stages (Fig. 1C) . Interestingly, seeds completely lacked scutellarioside, and catalpol levels were on average 4 . 5 times less in seeds than in young seedling stages (Fig. 1C) .
Response to herbivory: compensation and induced defences across seedling to juvenile development As expected, at the start of the experiment, size of seedlings assigned to the two herbivory treatments was not significantly different for any of the three developmental stages (P . 0 . 05 in each case). One week after herbivores were removed, there was a significant effect of both age and herbivory on seedling above-ground biomass, as well as a significant interaction (Table 1 ). The significant interaction resulted from the fact that, while damaged 1-and 2-month-old seedlings showed no compensatory re-growth, the biomass of damaged 3-month-old juvenile stages did not differ from the biomass achieved by control plants, indicating that young juvenile stages were able to compensate for the 30 % lost tissue in the week following damage while seedlings could not ( Fig. 2A) . Water content was also significantly affected by plant age and decreased in plants exposed to herbivores (Fig. 2B) ; however, there was no interaction (Table 1) .
In terms of chemical defences, there was a significant effect of plant age on percentage dry weight of catalpol, scutellarioside, total IGs and proportion of total IGs that was scutellarioside ( Fig. 2C and Table 1 ). This is particularly interesting, because it differs from the results of the first experiment, which showed no effect of plant age on IGs. This implies that, as plants grow, the plant age effect may become more or less detectable as a source of variation driving plant resource allocation to chemical defences. In this case, 1 week after we assessed constitutive defences, we saw that some stages invested more in IG production (e.g. at 3 months old) than others (e.g. at 2 months old). Yet, given the relatively small difference in IG production among the three developmental stages (i.e. average of 3 % d. wt difference), we believe the statistical significance in this second experiment might be due to a larger sample size (n ¼ 50 individuals/stage) than in the previous experiment (n ¼ 10 individuals/stage). In turn, herbivory resulted in an increase in scutellarioside and total IGs, but not catalpol or the proportion of total IGs that was scutellarioside (Table 1) . These increases were seen across all age classes (Fig. 2C) . Hence, there were no significant interactions between herbivory and plant age, indicating that all age classes showed a similar response in terms of induced chemical defences after herbivory.
DISCUSSION
This study uncovered interesting patterns in plant investment in constitutive and induced defensive traits during one of the most vulnerable stages of a plants' life cycle. Importantly, our results demonstrated that Penstemon virgatus seedlings are highly defended (approx. 20 % dry weight total IGs) and that, in general, investment in constitutive defences did not vary throughout the observed period of seedling to juvenile development, while responses to herbivore damage did vary slightly during the same period. Particularly, in this perennial plant species, high levels of constitutive defences did not limit the ability of young developmental stages to induce chemical defences following damage, although this response may come with a cost (i.e. decreased compensation) in younger seedling stages.
Constitutive defences during seedling to juvenile development
A recent review paper assessing ontogenetic patterns in plant defence by means of meta-analysis concluded that one of the clearest trends across ontogeny, for both woody plants and herbs, was the dramatic increase in constitutive levels of all classes of chemical defences through the seedling stage (Barton and Koricheva, 2010) . In contrast, here we showed that, while P. virgatus seedlings increased their above-ground biomass 50 times from 1-to 4-month-old stages, investment in constitutive defences did not vary, showing an average of total IGs slightly below 20 % dry weight across stages. A few other perennial herbs have also shown no change in concentrations of constitutive chemical defences over seedling development such as pyrrolizidine alkaloids in Senecio jacobaea (Schaffner et al., 2003) , alkaloids in Lotus corniculatus and Trifolium repens (Elger et al., 2009) and phenolics in Leucanthemum vulgare and Taraxacum officinale (Elger et al., 2009) . Nonetheless, what is more surprising is the exceptionally high levels of defences during this early . Given the small sample size, seeds (n ¼ 2) were not included in the analyses -the data are shown for illustrative purposes. Letters indicate mean group differences as tested by a Bonferroni post hoc test (P , 0 . 05).
developmental phase (20 % d. wt), which is only comparable with a few other woody boreal species that experience high rates of winter mammalian herbivory (Swihart and Bryant, 2001 ). This surprisingly high investment in early constitutive resistance may have been favoured under scenarios with significant rates of herbivore damage, especially during early spring, and/or with high inter-/intra-specific competition (see, for example, Boege, 2010) . Synthesizing and maintaining a high concentration of chemical defences throughout most of this vulnerable stage might be highly adaptive in the case of long-lived perennial plant species, such as P. virgatus. Besides the damage caused by generalist herbivores (mainly deer and generalist insect herbivores such as grasshoppers and aphids; C. Quintero, pers. obs.), Penstemon species are often damaged by IG-specialist herbivores such as the checkerspot butterflies [Poladryas spp. and Euphydryas spp. (Nymphalidae); L'empereur and Stermitz, 1990; Stermitz et al., 1994a, and references therein] . These species, which are univoltine or bivoltine, often overwinter as immature larvae (typically 4th instar) and so, when they emerge from diapause in the spring, these larvae consume young Penstemon plants (L'empereur and Stermitz, 1990) . Hence, achieving higher levels of constitutive defences early in development might be critical for this plant species exposed to highly mobile specialist caterpillars searching for hosts. In addition, seedlings consistently invested more in scutellarioside than catalpol, showing a 3 : 1 ratio (Fig. 1C) , which might also be adaptive. For both generalist and specialist herbivores, qualitative changes in plant defence compounds can be as important as quantitative changes (Dobler et al., 2011) . Thus, lower levels of catalpol may alter the attractiveness of these seedlings for specialist caterpillars.
Although this trend needs further field and laboratory support, preliminary data suggest that key changes in constitutive ontogenetic trajectories in plant defences may occur before and after the developmental window observed here. First, a small sample size looking at seed defences showed that P. virgatus seeds are defended by low levels of catalpol, and completely lacked the catalpol ester, scutellarioside (Fig. 1C) . Hence, it would be particularly interesting to study the period between seed germination and 1-month-old seedlings to assess the point at which defences in seeds are depleted and seedlings become biosynthetically active, as well as when seedlings start to invest significantly more in scutellarioside as compared with catalpol. In addition, the pattern shown for the early development of P. virgatus does not agree with the non-linear model proposed by Boege and Marquis (2005) , nor does it agree with the overall trends reported by Barton and Koricheva (2010) . This may be due to the fact that we were only looking at a small portion of the life cycle of this long-lived perennial, or it may reflect the importance of a high investment in defence of the early developmental stages of such long-lived herbaceous plants. Also, another change in ontogenetic trajectories is possible between seedling and mature stages, since leaves of P. virgatus reproductive plants in the field have shown to contain approx. 10 % total IGs (L'Empereur and Stermitz, 1990) . Further research is needed to confirm this potential decrease in IG content as P. virgatus age, since current knowledge about adult defences is based on just three field individuals (L'empereur and Stermitz, 1990) . Nonetheless, potential non-linear changes in IGs in P. virgatus over its entire life-cycle is highly likely given that several IG-containing plant species have shown such trends (Hogedal and Molgaard, 2000; Beninger et al., 2009; Quintero and Bowers, 2012) .
Induced defences during seedling to juvenile development
In contrast to previous studies that have focused on either induced resistance (Cipollini and Redman, 1999; Cipollini and Bergelson, 2000; Gianoli, 2002) or tolerance traits (Weltzin et al., 1998; Wallace and Eigenbrode, 2002; Del-Val and Crawley, 2005; Hanley and Fegan, 2007; Hodar et al., 2008) during the critical phase of seedling development, our study is one of the first ones to report the simultaneous expression of resistance (i.e. induced chemical defences) and tolerance (i.e. compensatory re-growth) traits across seedling to young juvenile stages (see also Barton, 2008; Muola et al., 2010) . Moreover, our results provide mixed support for the overall trends described by Barton and Koricheva (2010) , which concluded that, while the ability to induce chemical defences decreases during seedling development in herbs, tolerance capabilities did not vary for either herbs or woody species.
In accordance with these overall trends, our study showed that the compensatory ability of P. virgatus increased only after the transition from seedling to juvenile stages. In particular, 1 week following 30 % above-ground tissue loss, 1-and 2-month-old seedlings exposed to herbivores were still approx. 30 % smaller than control plants whereas herbivore- damaged 3-month-old juvenile stages did not significantly vary in total above-ground biomass from controls ( Fig. 2A) . This higher tolerance capability in older stages agrees with previous expectations (Strauss and Agrawal, 1999; Haukioja and Koricheva, 2000) , and is interpreted as being a consequence of a greater number of available meristems, smaller root to shoot ratios, greater capacity to acquire resources, and higher probability of mobilization of stored reserves at older developmental stages. Yet, because we only evaluated above-ground biomass, we cannot neglect the possibility that (a) in seedlings, resources were allocated to root biomass following damage or that (b) in young juvenile stages, compensation was achieved at the expense of root biomass. Allocation of resources to root tissues to enhance nutrient uptake needed for the production of new photosynthetic tissue has been reported previously (Orians et al., 2011) , as well as above-ground compensation at the expense of belowground biomass (e.g. Barton, 2008) ; hence, future studies should confirm these possibilities. In terms of induced chemical defences, we did not observe the predicted decrease in induced defences with plant age. Instead, we observed that damaged plants in all three stages increased their IG concentration by approx. 8 % compared with control plants, and that this induced response was driven by an increase in concentrations of scutellarioside but not catalpol across stages. Compound-specific trends following damage as seedlings age was previously reported in tomato plants (Cipollini and Redman, 1999 ). Yet, a similar capability to induce defences from seedling to juvenile stages has not been previously reported. In general, earlier studies showed that seedlings tended to increase (Gianoli, 2002; Doan et al., 2004) or decrease (Cipollini and Bergelson, 2000; Barton, 2008) their induced response as they age. Nonetheless, it is important to note that all the above studies differ in the developmental window assessed compared with the present study, making comparisons among them hard to interpret. Hence, given the reduced number of studies looking at herbivore-induced defences during early plant development as compared with adult stages, the uniqueness of this observed trend or its adaptive significance warrants further testing.
It has been long proposed that plants often incur trade-offs between investment in constitutive and induced defences or between resistance and tolerance traits. While the former had received some support (reviewed in Koricheva et al., 2004; Kempel et al., 2011) , it is becoming clear that defensive strategies following damage might not be mutually exclusive (reviewed in Leimu and Koricheva, 2006; Nunez-Farfan et al., 2007) . In seedlings, there is some evidence that such trade-offs do occur (Gianoli, 2002; Kuhlmann and Muller, 2009; Orians et al., 2010; Zust et al., 2011) , but assessment of trade-offs following damage, between chemical defences (leading to induced resistance) and growth (leading to compensation) are scarce. To date, only one study has tested both induction and compensation across seedling stages, and that did not find a trade-off between these two lines of defence (Barton, 2008) . Our experimental design, which lacks within genetic-family variation (e.g. Boege et al., 2007; Barton, 2008) and uses destructive sampling, precluded us from properly evaluating the association between different lines of defences (Mole, 1994) . Nonetheless, our results provide indirect evidence suggesting that, while no trade-off between constitutive and induced IG defences during the developmental window assessed here is likely (given no statistical difference in either constitutive or induced IGs across stages), trade-offs between resistance and tolerance traits Percentage dry weight of iridoid glycosides, divided into the two major individual compounds, catalpol and scutellarioside, for control (C) and herbivore-damaged plants (H) across three early plant developmental stages (i.e. 1-and 2-month-old plants are considered seedlings and 3-month-old plants are considered early juvenile stages). Asterisks represent mean group differences among treatments as tested by single degree of freedom contrasts. Significance is displayed as: ***, P , 0 . 001; **, P , 0 . 01; *, P , 0 . 05. In panel (C) significance is displayed only for scutellarioside, as the percentage of catalpol did not vary among treatments (see Table 1 ).
may arise at some but not all developmental stages. In our study, P. virgatus seedling to juvenile stages showed a similar level of constitutive defences and a comparable induced resistance response across stages, but the ability to compensate for the lost tissue increased as plants aged. In particular, we showed that while young juvenile stages were able to increase chemical defences and compensate for the 30 % lost tissue 1 week following damage, seedlings were incapable of investing in both defensive strategies, prioritizing chemical defences over compensatory re-growth. Hence, this comparable ability to induce defences across stages may limit resource allocation to growth and, thus, compensation to damage early but not late during development, indicating that often tradeoffs may be transient (see, for example, Orians et al., 2010) and, thus, difficult to detect.
In conclusion, the present work illustrated that P. virgatus plants were well defended during most of the transition from seedling to early juvenile stages, reaching a constant approx. 20 % dry weight total IGs. These surprisingly high levels of defence in young stages, expected to be allocating most of their resources towards growth and stored reserves for overwintering and future reproduction, highlights the potential role of herbivores in shaping ontogenetic trajectories in plant defences, as seen in other woody species exposed to high levels of damage early on in their life cycles (Swihart and Bryant, 2001 ). Furthermore, following moderate damage by specialist herbivores, all seeding and juvenile stages were able to increase their IG concentration by approx. 8 %, while compensatory re-growth was only achieved at later stages but not in seedlings, suggesting that induction during early plant development may come with a cost, and trade-offs between these two strategies may arise at some but not all developmental stages. More empirical studies looking at several constitutive and induced defensive traits over this critical phase of plant development would help us to understand the selective pressures shaping early ontogenetic trajectories. Specifically, studies addressing how natural selection acts on particular plastic responses and on their combinations, depending on the ecological context in which plants grow (e.g. competition and herbivory; Boege, 2010) , will shed light on what might be the combination of plastic responses most favoured by selection during plant establishment across plant species.
